Food nutrients and metabolic supply-demand dynamics constitute environmental factors that interact with our genome influencing health and disease states. These gene-environment interactions converge at the metabolic-epigenome-genome axis to regulate gene expression and phenotypic outcomes. Mounting evidence indicates that nutrients and lifestyle strongly influence genome-metabolic functional interactions determining disease via altered epigenetic regulation. The mitochondrial network is a central player of the metabolic-epigenome-genome axis, regulating the level of key metabolites [NAD + , AcCoA (acetyl CoA), ATP] acting as substrates/cofactors for acetyl transferases, kinases (e.g. protein kinase A) and deacetylases (e.g. sirtuins, SIRTs). The chromatin, an assembly of DNA and nucleoproteins, regulates the transcriptional process, acting at the epigenomic interface between metabolism and the genome. Within this framework, we review existing evidence showing that preservation of mitochondrial network function is directly involved in decreasing the rate of damage accumulation thus slowing aging and improving healthspan. -eleven translocation family of dioxygenases; VO 2 max, maximal respiratory rate capacity.
INTRODUCTION
Aerobic metabolism constitutes the energetic foundation of the great majority of living systems on Earth. By processing oxygen to harness the essential redox and phosphorylation energy required for cellular function, mitochondria have become central players in aerobic life, and their function pivotal for health, disease and aging [1] [2] [3] [4] . Despite the highly efficient chemical reduction of O 2 through cytochrome oxidase [5] [6] [7] , mitochondria still generate significant levels of reactive oxygen species (ROS) during this essential function. Cellular and mitochondrial physiological levels of ROS are attained when production and scavenging are balanced [8, 9] , and controlled emission of the freely diffusible H 2 O 2 can act as a rather specific signalling molecule [10, 11] .
The functional organization of mitochondria into networks is an emerging paradigm [12] [13] [14] . A diverse array of mechanisms underlie the dynamic function of mitochondrial networks such as transporters, DNA) and (iv) dynamical (spatio-temporal dynamics, e.g. fission-fusion, respiration, mitophagy, oscillations). Various mitochondrial network functions emerge from a dynamic interplay between all these aspects. For example, the predominance of fission over fusion in glucose and lipid excess happens concomitantly with higher expression of fission proteins [41] , or the occurrence of mitochondrial membrane potential ( m ) and NAD(P)H oscillations occurring with intense oxidative stress and overwhelming of the antioxidant systems [15, 19, 42] .
Mitochondria function as hubs in the overall cellular network formed by metabolic, signalling, genetic and epigenetic pathways [13, 43] . Genetic, signalling, metabolic and transport networks underlie the morphological-topological appearance of the mitochondrial network ( Figure 1 ). The contribution of mitochondria to cell function results from their collective cluster dynamics in different cellular locations (perinuclear, subsarcolemmal, intermyofibrillar) connected via local signalling events [17, 19, 26, 27] . Mitochondria drive catabolic and anabolic reactions supplying energy (e.g. ATP, electrochemical gradients) and metabolites with biosynthetic (e.g. citrate, AcCoA) and signalling (e.g. AcCoA, cytochrome c, H 2 O 2 , O 2
•− ) roles [13, 44] . They influence the cellular redox status introducing ROS (namely H 2 O 2 ) [3, 32, [45] [46] [47] , and are reciprocally influenced by the cytoplasmic redox environment [e.g. glutathione (GSH), H 2 O 2 ] in a dynamic way [46, 48] . Likewise, mitochondria respond to signalling molecules (e.g. Ca 2+ , O 2
•− , ADP) released from mitochondrial neighbours, other organelles (e.g. endoplasmic or sarcoplasmic reticulum, peroxisomes) or contractile proteins (e.g. myosin AT-Pase). Mitochondria also maintain an anterograde and retrograde signalling cross-talk with the nucleus that generates reciprocal activation-repression patterns of gene expression [4, 44, 49] . Mitochondria can determine apoptotic and necrotic cell death mediated by Ca 2+ overload and opening of the permeability transition pore [19, 50, 51] , and their turnover is modulated by the mitochondrial quality control machinery including the fission-fusion, mitophagy and biogenesis processes [41, [52] [53] [54] .
THE INDEX OF AGING-RELATEDNESS (π ): HUMAN HEALTHSPAN AND MITOCHONDRIA
In this review, we adopt the definition of healthspan used by Levy and Levin [55] in the context of an evolutionary view of human aging. These authors introduced the index of aging-relatedness, π , as a measure of 'living life to the fullest' or 'the maintenance of full function as nearly as possible to the end of life' when applied to intrinsic mortality data [55] .
Levy and Levin [55] postulated a mixture model encompassing the Gompertz law and the Weibull hazard function. Based on empirical human mortality observations, the Gompertz law describes an exponential relation between age-specific mortality rates and age of the form: h G (x) = λ e θ x , where h G (x) is the hazard function (or instantaneous death rate, or force of mortality); λ > 0 is a parameter denoting the initial mortality rate (at birth or another arbitrary age; λ is also called vulnerability parameter) and θ is an exponential rate parameter (rate of aging or Gompertz parameter) [55] . The relationship between age-specific mortality (or failure) rates and age according to the Weibull hazard function (a model of the strength of materials) is described by a power function of the form: h w (x) = α γ x γ −1 where α > 0 and γ > 0 are parameters (γ , shape parameter; α −1 , scale parameter) [55] . Weibull plays a prominent role in reliability theory which applies to the failure of mechanical devices similar to the role played by the Gompertz law in demography.
The model of Levy and Levin [55] implies that if all deaths or cases of a specific disease in a population were caused by one of a large number of sufficient causes from Late Onset Genetic Effects (LOGE), the residual time to event after age 10 years would follow an approximate Gompertz distribution, whereas if all deaths or cases of a specific disease in a population were caused by one of a large number of sufficient causes from Evolutionarily Recent Environmental Factors (EREF), the residual time to event after age 10 years would follow an approximate Weibull distribution [55] (Figure 2 ). Aging is a function of multiple genetic, environmental factors and their interactions. In the Levy and Levin formulation, biological aging is by definition genetic in the sense of related to sufficient causes containing LOGE in the absence of EREF, and the π index may be said to represent the contribution of biological aging to the overall (genetic and non-genetic) aging in the population [55] . Otherwise stated, π indicates the proportion of deaths or cases of a specific disease in the population due to sufficient causes of LOGE in the absence of EREF. For example, π of 20 % implies that 20 % of the intrinsic deaths in the population are due to sufficient causes containing LOGE in the absence of EREF (i.e. 80 % of the intrinsic deaths are due to sufficient causes containing EREF). Thus, as a caveat, population biological aging, defined as an exponential increase in age-specific mortality rates, is a more restrictive and hence, specific, definition than chronological aging or the 'mere passage of time'.
In the evolutionary view, what makes modern life exposures 'abnormal' is the lack of human adaptation to the effects of, e.g. smoking, air pollution, excess calorie intake or the mismatch between the human genetic makeup and modern lifestyle. Epigenetics, viewed as the inheritable response to environmental factors, can help identify the mechanisms by which intrinsic as well as extrinsic (environmental) factors derail human health provoking dysfunction and, ultimately disease. In this context, mitochondrial functionality is centrally involved in human healthspan because as main energy suppliers they participate in energy availability and allocation to maintenance and repair processes [56, 57] . Preservation of mitochondrial network function is critically important for limiting the rate of damage accumulation and thus a way of slowing the rate of senescence and of increasing life expectancy as well as of life quality.
Increasing evidence shows that the health status of the mitochondrial network in mammalian tissues is highly sensitive to the cellular energy/redox capacity [45, 58] , fusion-fission dynamics [41] and mitochondrial turnover as a result of the dynamic balance between mitochondrial loss compared with scavenging and replacement, e.g. by mitophagy [52] and biogenesis [54, 59] . Alterations of mitochondrial quality control due to altered fusionfission dynamism and mitophagy can explain differences in cumulative mitochondrial damage. The response of these processes to physiological conditions imposed by, e.g. diet, exercise, via the epigenome exert a direct impact on mitochondrial health and healthspan.
Depending upon the nutrient composition of the diet, certain substrates, cofactors and effectors (ATP, AcCoA, NADH, α-ketoglutarate) become available and their metabolism render intermediates that in turn generate patterns of epigenetic modifications. Among the latter with gene expression-modulating capacity are methylation, acetylation or oxidation {as in demethylation catalysed by iron-containing jumonji-domain (jmjC) Figure 3 The fluxome and the metabolic-epigenetic-genomic axis
The fluxome corresponds to the fluxes of metabolite transformations from a substrate precursor and the fluxes distribution among different pathways. Lifestyle via diet and exercise or physical activity affect (peri-and post-natally) the balance of energy supply-demand promoting, e.g. over-nutrition or calorie restriction. These interventions have an impact on the fluxome and the levels of metabolites, second messengers, that in turn modify the epigenome via chromatin by, e.g. methylation, acetylation, of the DNA and/or histones. NAD + , ATP and AcCoA are key metabolic intermediates in major carbon catabolic pathways and in fuel metabolism, including glucose and pyruvate oxidation, as well as in β-oxidation of FAs. In mammalian cells, AcCoA can be generated both in the mitochondrial and nucleocytoplasmic compartments. In the mitochondria, AcCoA is synthesized from pyruvate by the PDH complex or by β-oxidation, and then feeds into the TCA cycle. A key component of the epigenomic interphase between metabolism and the genome is the assembly of DNA and nucleoproteins that constitutes the chromatin. The chromatin regulates the transcriptional machinery by conformational changes and genome compartmentalization, thus a key component of the epigenomic interphase between metabolism and the genome. Epigenetic modifications regulate the transcriptional and gene expression machinery by conformational changes and genome compartmentalization. Stable patterns of epigenetic modifications may represent a mechanism of cell memory, important for interpreting the long-lasting footprints of hyperglycaemic episodes [230] or developmental and nutritional milieus associated with predisposition and progression of disease [62, 80] . The feedback from the genome to the epigenome, exemplified by PTMs occurring on HATs, HDACs, HMTs and demethylating enzymes, suggests a highly ordered interactive network comprising many components capable of adding and removing modifications at both the chromatin template as well as each other. Key to symbols: fluxome, orange arrows; gene expression, blue arrows.
demethylases that consumes α-ketoglutarate (α-KG) and O 2 [60] or in 5-methylcytosine (5-mC; an epigenetic mark on DNA) to render 5-hydroxymethylcytosine (5-meOHC) catalysed by the ten-eleven translocation family of dioxygenases (TET) [61,62]} ( Figure 3 ). Mitochondrial sensitivity to the body's balance of substrate/energy supply-demand determined by lifestyle decisions (e.g. sedentarism compared with physical activity, overnutrition compared with balanced-nutrition) will favour, or avoid altogether, the effects of metabolic disorder upon the geneenvironment interaction and their impact on healthspan.
THE ROLE AND THE MEANING OF MITOCHONDRIAL DYSFUNCTION
Maintaining efficient energy supply, redox environment and signalling are three of the main mitochondrial functions. In aerobic metabolism mitochondria harness phosphorylation and redox energy from oxygen and oxidizable substrates, and thus they are constantly challenged to maintain energy supply while keeping ROS within physiological levels compatible with signalling [8, 45, 46, 48] . Under disease conditions mitochondria can become dysfunctional exhibiting in general (at least) three main impairments: uncoupling of oxidative phosphorylation (OxPhos), excess ROS emission [63] [64] [65] [66] and abnormal Ca 2+ uptake [67] [68] [69] . These defects impair function by altering energy availability, the cellular redox environment and cell viability. As a matter of fact, in the heart impairment of mitochondrial respiration and antioxidant systems, and alterations in structure and respiratory chain complexes, have been extensively documented in both type 1 and type 2 (T2DM) diabetes animal models (see Table 1 from [45] , for a review). Mitochondrial Ca 2+ uptake impairment has been described in diabetes [45, 67] and heart failure [68, 69] producing defective ATP supply that in concert with ROS can lead to cell death by necrosis/apoptosis [70, 71] mediated by sensitization of the permeability transition pore [51, 72] .
In the heart, the respiratory complex I appears as a relevant and common site of defects across chronic T1DM and T2DM conditions, although mitochondrial energetic dysfunction in diabetes is a manifold failure, involving the other electron carriers as well [73] . Contractile failure will ensue since mitochondria provide more than 90 % of the energy required for function and the contractile machinery depends upon a proper redox status to develop force. Oxidizing conditions in diabetes readily affect contractility and Ca 2+ handling [63, 66, 74, 75] . Energy/redox stressful conditions produced evident heart contractile impairment in T2DM diabetic mice as compared with controls [66] . Because a balanced cellular/mitochondrial redox environment is vital for optimal energy supply and excitation-contraction coupling, key mitochondrial functions are apparently protected [1, 45] . In heart trabeculae from T2DM Zucker rats, maintained redox balance via increased GSH-and thioredoxin-antioxidant activities, apparently to resist oxidative stress, is an essential protective response of the diabetic heart to keep contractile function [75] .
One of the main theses of this review is that the proportion of energy-redox defective mitochondria increases due to impairments in their turnover (by e.g. mitophagy, biogenesis) which depends on the mitochondrial quality control axis [53, 76] (see below). Degradation of the mitochondrial network's quality, as can be judged from energy-redox impairment [41, 45] , alters the dynamic balance of fusion-fission processes [53] . It has been hypothesized that a predominance of mitochondrial fission over fusion may increase the frequency of mutations in the mtDNA [58] . Deleterious mtDNA mutations can create an intracellular mixture of mutant and normal mtDNAs, a state known as 'heteroplasmy' [77] . When a threshold level of heteroplasmy is crossed, extensive reprogramming of nuclear DNA (nDNA) gene expression can happen mediated by retrograde signalling [78] . Mechanisms mediated by mtDNA damage may be relevant for diabetic cardiomyopathy because they connect basic mitochondrial biology such as fusion/fission [41] that impinge on apoptosis [79] and are closely integrated with the mitophagy quality control pathway [23, [52] [53] [54] 76, 77] .
mtDNA MUTATIONS AND RETROGRADE SIGNALLING TO THE NUCLEUS
Increasing appreciation for the role that mitochondria play in metabolic dysfunction as well as other disorders argues in favour of a role for aberrant mtDNA modification in disease development and progression [62, 80] . Since the vast majority of mitochondrial proteins are encoded in the nuclear genome, appropriate communication between the nuclear, cytoplasmic and mitochondrial compartments is essential for maintaining proper mitochondrial function. Mitochondria signals to the nucleus (via retrograde signalling) reprogramme gene expression underscoring the relevance of understanding the mechanisms through which mitochondria and the nucleus communicate.
Several studies have established a direct cause-and-effect relationship between mitochondrial dysfunction and disease. The contributory role of mitochondrial dysfunction in various metabolic and degenerative diseases, and aging has being demonstrated in mice harbouring mitochondrial gene mutations [81] . mtDNA has a higher intrinsic mutation rate than nDNA [82] thus generating heteroplasmy [83] while there are indications that high mutation rates might be a major driving force for the population prevalence of heteroplasmy [84] . The accumulation of somatic mtDNA mutations probably affects healthspan, and may influence lifespan, contributing to the onset and progression of complex diseases. In mice, mtDNA mutations shorten lifespan and lead to age-related phenotypes, which include reduced body mass and an increase in the heart:body weight ratio, consistent with age-related cardiomyopathy [85] . In longevity, an alternative view of heteroplasmy as a reservoir of genetic variability to cope with stress during life has also been put forward [86] . Reported evidence indicates that low level heteroplasmies in blood are detectable, transmitted and maintained within families until extreme age [86, 87] with an apparent unique profile for each family [87] . Low level mtDNA heteroplasmy in humans also plays a role in mitochondrial-related diseases such as myopathies, lactic acidosis, stroke-like episodes and complex disorders, including T2DM, aging, cancer and late-onset neurodegenerative diseases [4, 78, 81, 83, 85, [88] [89] [90] [91] . In healthy aged humans, the overall tissue burden of mtDNA mutations is low (1-2 %), but in single cells the percentage can reach mutation threshold levels known to cause a defect in OxPhos [85] . In a study by Ye et al. [84] , 4342 heteroplasmies were identified in 1085 individuals, of which 973 individuals (∼90 %) had at least one heteroplasmy. These heteroplasmies were observed at 2531 mtDNA sites across different mtDNA regions, and 1757 (∼70 %) of these sites were heteroplasmic in only one individual suggesting that the pattern of heteroplasmies can be quite varied among individuals. Among the 4342 detected heteroplasmies, 301 (∼7 %) were reported to be disease-associated and 210 individuals (∼20 % of 1085) carried at least one disease-associated heteroplasmy of which mitochondrial myopathy and encephalomyopathy were overrepresented [84] . Mitochondrial heteroplasmy tends to show high pathogenicity, and is significantly overrepresented in disease-associated loci [88] . Maternally transmitted mtDNA mutations have been shown to underlie mild aging phenotypes in mice. Importantly, mtDNA mutator mice (PolgAmut/mut) heterozygous for the allele (PolgAwt/mut) aggravate premature aging phenotypes [88] . An increase in the proportion of mutant mtDNAs might drive the cell to an energetic threshold beyond which its energy output capacity declines, leading to insufficient energy supply to sustain cellular function. Thus, such DNA damage can impair organ metabolic functions by causing cell dysfunction, death or senescence and can also induce tissue inflammation perturbing systemic metabolism [92] .
The mitochondrial genome consists of roughly 1500 genes distributed across the maternal mtDNA and the nDNA [81, 93] . The genome of mtDNA is organized in circular double-stranded molecules, packed in compact particles termed 'nucleoids' tethered to mitochondrial membranes [94, 95] . Although nucleoids do not contain histones, mtDNA is packaged with structural proteins and, like its nuclear counterpart, is subject to remodelling events [62, 96] . Human mtDNA is maternally inherited and contains 37 genes encoding 13 subunits of complexes I, III, IV and V; 2 ribosomal RNAs and 22 tRNAs [97] . Thus, it is not possible to build a mitochondrion based on nDNA alone, despite the majority of approximately 1000-2000 mitochondrial proteins being encoded in the nDNA. mtDNA mutations may cause bioenergetic failure due to the essential OxPhos components encoded by the mtDNA [78] . The importance of this topic has been further underscored by recent work showing that relatively subtle changes in mtDNA heteroplasmic levels can have dramatic phenotypic effects [78, 84] .
Most mitochondrial proteins are synthesized in the cytosol and are subsequently imported into the organelle by protein translocases, ensuring proper targeting to the different mitochondrial subcompartments [93, 98, 99] . Several nuclear transcription factors are imported to directly facilitate mitochondrial gene expression [100] . Transcriptional regulation of a small number of human mitochondrial genes associated with respiration implicates metabolic-driven epigenetic changes [62] . Several proteins have emerged as major regulators of mitochondrial gene expression, capable of increasing transcription of mitochondrial genes in response to the physiological demands of the cell. For the purpose of this review we consider effectors of mitochondrial function such as the biogenesis regulator PGC-1α (peroxisome proliferator-activated receptor γ co-activator-1α), the lysine deacetylase SIRT1, the metabolic sensor AMP-activated protein kinase (AMPK) and the tumour suppressor protein p53, a transcription factor that acts in response to cellular stress signals (e.g. DNA damage, hypoxia, oxidative and nitrosative stress) [101] . The mammalian target of rapamycin (mTOR) is a serinethreonine kinase that functions as an intracellular energy sensor in mammalian cells, existing in two distinct protein complexes: mTORC1 and mTORC2 which affect metabolic regulation during aging [56] and the response to calorie restriction [102] . P53 is also able to inhibit mTORC1 by activation of AMPK, which is subsequently followed by induction of autophagy [103] [104] [105] , a function likely to contribute to the role of p53 in tumour suppression [105] .
THE METABOLISM-EPIGENOME-GENOME AXIS AND THE FLUXOME
The metabolism-epigenome-genome axis is comprised of a dynamically reciprocal feedback loop between the epigenome and the genome driven by metabolism via, e.g. histones acetylation and deacetylation, DNA methylation (Figures 3 and 4) . Reciprocally, the feedback from the genome to the epigenome can be exemplified by the expression level of histone acetyltransferases (HATs), histone deacetylases (HDACs), histone methyltransferases (HMTs), demethylating enzymes and single nucleotide polymorphisms that impact epigenetic modifications, in particular DNA cytosine methylation [62, 106] . This suggests a highly ordered interactive network comprising many components capable of adding and removing modifications at both the chromatin template as well as upon each other.
From a systems perspective, the epigenome represents an interface between metabolism and the gene expression machinery of nDNA and mtDNA whereas the fluxome is the biochemical readout of the combined metabolic activities within the cell, which subsequently alter the epigenome (Figure 3 ). Specifically, the fluxome corresponds to the fluxes of metabolite transformations (in moles per unit time) from a substrate precursor (e.g. glucose, lipids), and their distribution among different pathways (e.g. glycolysis, pentose phosphate, etc.). The ensemble of metabolic fluxes that the fluxome embodies is the final result from genes expressed and proteins translated including their posttranslational modifications (PTMs). The fluxome represents a dynamic picture of the phenotype encompassing the metabolome and its functional interactions with the epigenome and signalling networks. The fluxome dynamics are expected to change during physical activity and vital cellular functions such as cell contraction, growth, division, differentiation, autophagy, apoptosis/necrosis or the response to key environmental signals such as starvation, hypoxia, etc. [107] [108] [109] . For example, in exercise short (∼2 min), high intensity activities including, for example, power lift, baseball pitch, 200-m swimming, are fuelled by the ATP-phosphocreatine and the lactic acid system which can proceed anaerobically, e.g. from stored ATP-phosphocreatine and glycogen ( Figure 4 ). In contrast, aerobic activities like prolonged endurance or ultra-endurance exercise (e.g. running, cycling, marathon) depend on carbohydrate and fat, more of the latter than the former during rest (∼60/40 %) and greater carbohydrate use during exercise [110] . Muscle glycogen provides most substrate fuel (>80 %) during high intensity exercise depending on training status, intensity and duration, diet and circulating levels of insulin [110, 111] . Adrenaline mobilizes fats from adipocytes that circulate as free fatty acids (FAs) and are taken up by skeletal and cardiac muscles for use and storage as intramyocellular triacylglycerol in lipid droplets (reviewed in [1, 112] ). In addition to providing substrate for the tricarboxylic acid (TCA) cycle, FAs are converted to ketone bodies for export as a glucose-sparing energy source to metabolically active tissues ( Figure 4 ). Under normal conditions, ketones are produced at relatively low rates in well-nourished individuals. However, during extended caloric restriction (CR), starvation or intense exercise, depletion of TCA cycle intermediates by gluconeogenesis in the liver, coupled with increased mobilization of FAs, divert acetyl CoA (AcCoA) to ketone production. This allows continued β-oxidation and energy transport to extra-hepatic tissue when AcCoA accumulates beyond the capacity of the TCA cycle.
The fluxome influences the epigenome via metabolite and second messenger levels, which together represent a unique phenotypic signature (Figure 3 ). Mitochondrial metabolism and glycolysis convert carbohydrates and fats into readily available metabolites ATP, AcCoA, NADH, ROS that together with the main methyl donor S-adenosylmethionine (SAM) generated in the cytoplasm, drive epigenetic modifications (acetylation, methylation, phosphorylation, oxidation). ATP drives phosphorylation of nuclear and cytoplasmic signal transduction proteins, and histone tails. AcCoA is the main acetyl donor of acetyl transferases in the Substrates fuel interrelationships between main body organs, mitochondria and the epigenome Depicted are the differential uses of glucose and FAs by the brain, muscle (cardiac and skeletal), liver and adipose tissue. As shown, the liver appears as a main provider of glucose and FAs for muscle and brain. Adipose tissue provides FAs to the liver; the skeletal muscle can also supply lactate to the liver where it is utilized for gluconeogenesis, especially in the early fed state, when the liver continues in ketogenic and gluconeogenic modes. Displayed is the mitochondrial supply of AcCoA, the main acetyl donor that via its nucleocytoplasmic pools determines the autophagic response in mammals [168] and, with a few difference, in yeast as well [162] . The scheme at the centre emphasizes that AcCoA excess (red right) or decrease (green bottom) will preclude or stimulate autophagy and gene expression respectively; decreased autophagy will favour higher mtDNA mutations and heteroplasmy driving accumulation of dysfunctional mitochondria that, in the long term, will reduce health-and life-span (red box, top right). Opposite changes will occur under a more balanced AcCoA supply (green box, bottom). Hypothetically, healthy and nutritionally well-adjusted lifestyle, including physical activity or exercise training, would favour balanced energy supply and demand in concert with mitochondrial fusion/fission-driven morphological changes, turnover (mitophagy, biogenesis) and proper energy-redox function [201] . The interplay between these processes would determine not only the overall functionality of the mitochondrial network but also the integrity of the mitochondrial genome [4, 78] .
acetylation of chromatin and signal transduction proteins modifying nDNA transcription and replication [4, 62, 106] thus linking cellular energetics with chromatin dynamics and transcription [62] while acting as a phylogenetically conserved inhibitor of starvation and age-associated autophagy [4, 113, 114] . Sirtuins (SIRTs) use NAD + as a cofactor for deacetylating proteins. DNA is methylated via SAM, the active methyl donor group utilized by most methyltransferase enzymes. The fluxome can be characterized at the steady state [115] [116] [117] and in time-dependent phenomena [109, 118] . The control and regulation of the fluxome can be known, including fluxes and metabolite concentrations, when accounting for regulatory information [9, 109, 115, [119] [120] [121] . Knowledge about the control and regulation of metabolites and second messenger concentrations as well as their temporal evolution is crucial to understand the control of phenomena such as the cellular response to hypoxia, or autophagy in response to starvation that can happen within minutes to hours respectively. As a matter of fact, recent compelling evidence supports the central role of AcCoA metabolism in autophagy regulation [113, 114] . In the cytoplasm, AcCoA can be generated via ATP citrate lyase (ACL) from mitochondrial citrate or via acyl-CoA synthase short-chain (ACSS2) from acetate. Knocking-down these enzymes results in very low levels of global histone acetylation [122] . Compartmentation of these pathways plays a role because the nuclear and cytoplasmic pools of AcCoA, rather than the mitochondrial, appear to modulate the autophagic flux [113] . In the mitochondria, Ac-CoA is generated by pyruvate decarboxylation catalysed by pyruvate dehydrogenase (PDH) and from FA oxidation. It has been proposed that efficient utilization of AcCoA by mitochondrial TCA cycle activity and OxPhos would prevent AcCoA overflow into protein acetylation and/or histone acetylation pathways that would negatively influence autophagy and other pro survival processes during aging and age-associated disease [113] . Indeed, higher acetylation of histones and cytoplasmic proteins decreases the rate of autophagy in yeast and mammalian cells, despite differences in the routes of AcCoA synthesis [114] . Mitochondrial AcCoA can also be synthesized by oxidative decarboxylation of the branched-chain amino acids (BCAAs) valine, isoleucine, lysine, via branched-chain α-ketoacid dehydrogenase complex (BCKDH). First, BCAAs are transaminated to branched-chain α-ketoacids (e.g. α-ketoisocaproic acid from leucine), which subsequently undergo oxidative decarboxylation, an irreversible reaction catalysed by BCKDH yielding AcCoA as the end product.
EFFECTORS OF THE EPIGENOME
Different effectors of the epigenome spanning from metabolite intermediates to proteins and transcriptional factors have been reported. Genetic-metabolic responses of the body converge at the epigenome reciprocally influencing each other. Thus, altered metabolism may contribute to disease by distorting epigenetic regulation. The stability and patterns of epigenetic modifications with gene expression-modulating abilities may confer a 'footprint' of cell memory. For example, altered chromatin methylation patterns involving methyltransferases competing for bioavailable SAM and posttranslational methylations are extensively implicated in metabolic gene activation and repression [123] [124] [125] .
Sirtuin
The immense interest surrounding the SIRTs enzyme functions in metabolism stems from their close homology to yeast Sir289 and similar proteins associated with longevity in flies [126] and worms [127] . SIRTs catalyse deacetylation processes of the chromatin, opposite to protein acetylation by acetyltransferases. Seven mammalian SIRTs are differentially distributed throughout the cell, with SIRT1, SIRT6 and SIRT7 mainly localized for nuclear functions. Important studies have identified roles for SIRT1 and SIRT6 in the regulation of mammalian life span and several lines of evidence strongly implicate SIRTs in the lifeextending effects of calorie restriction; however, the precise molecular mechanisms are unclear [128] . SIRT3 serves to induce the catalytic activity of the enzyme ACCS2 that converts acetate into AcCoA in mitochondria by removing an inhibitory acetyl group. Nuclear SIRT1 serves to deacetylate the transcriptional coactivator PGC-1α, thereby enabling the expression of genes whose products are required in energy-depleted cells [129] .
NAD +
This is an essential cofactor for reactions catalysed by the highly conserved SIRT HDAC family [130] . Other NAD + consum-ing enzymes such as ADP-ribosyltransferases have also been shown to covalently ADP-ribosylate core histones [62, 131] . PAR polymerases (PARPs) utilize NAD + to catalyse poly(ADPribose) synthesis and are involved in the cellular stress response [132] . PARP-1 activation leads to cytosolic NAD + depletion and mitochondrial-mediated apoptosis and cell death [133] . Continual re-synthesis of NAD + through salvage/recycling pathways maintains the functions of cytosolic and nuclear enzymes. Nicotinamide phosphoribosyltransferase and nicotinamide mononucleotide adenylyltransferase 1 constitute the major NAD + salvage pathway in the mammalian nucleus, whereas the respective localization of nicotinamide mononucleotide adenylyltransferases 2 and 3 isoforms to the Golgi and mitochondria further indicates the importance of subcellular metabolite compartmentalization [62, 134] .
S-Adenosylmethionine
SAM is produced by the condensation of methionine and ATP during the first of nine steps required for the conversion of methionine to succinyl-CoA, a predominantly cytoplasmic pathway that ends up in the mitochondria [124, 129, 135] . It contains the active methyl donor group utilized by most methyltransferase enzymes. Histone methylation is a dynamic, reversible process. For example, LSD1 demethylase (also called KDM1A or AOF2) is a nuclear FAD-dependent enzyme capable of demethylating methylated H3K4 both in vitro and in vivo, in agreement with the dynamically reversible nature of histone methylation [136] . LSD1 demethylase activity acts on H3K4me1/2 and H3K9me1/2 but cannot demethylate trimethylated groups because it requires protonated nitrogen in the substrates thus restricting its activity to mono-or di-methylated peptides [136] . Similar to SIRTs, LSD1 activity is regulated by redox state and is stimulated when FAD is in its oxidized form but not when it is reduced to FADH2 as it occurs in the TCA cycle [137] . LSD1, in turn, regulates mitochondrial respiration and energy expenditure. Specifically, LSD1 binds directly to genes such as PGC1α, PDK4, FATP1 and adipose triacylglycerol lipase (ATGL), and represses their transcription associated with loss of H3K4 methylation [138] .
FAD
Derived from the vitamin riboflavin (vitamin B2), mitochondrialgenerated FAD functions as the prosthetic group for certain oxidation-reduction enzymes. Riboflavin is phosphorylated by riboflavin kinase to generate riboflavin 50-phosphate (sometimes called flavin monucleotide or FMN), which is then converted to FAD by FAD synthase (also called FMN adenyltransferase). Instead of NAD + , the nuclear-located LSD1 uses FAD, which is composed of riboflavin (vitamin B2) and ADP. It has been suggested that the nuclear location of LSD1 might render it particularly sensitive to changes in FAD availability (and the ratio of FAD to FADH2) arising from the activities of other flavin-linked dehydrogenases and oxidases, including those associated with FA β-oxidation and the TCA cycle in mitochondria.
β-Hydroxybutyrate
This metabolite modulates several signalling pathways leading to epigenetic changes. The ketone body β-hydroxybutyrate (β-HB) inhibits the activity of many NAD + -independent HDACs [139] , and is able to not only fuel metabolic adaptation to starvation but also to help sustain a protective epigenetic state by inhibiting the activities of NAD + -independent HDACs.
α-Ketoglutarate
The α-KG-malate carrier regulates mitochondria-cytosol transport of this metabolite. The TET family of dioxygenases mediate the oxidation of 5mC. The potential for the TET family (TET1/2/3) to regulate diverse physiological functions including metabolic signalling requires the TCA cycle metabolite α-KG, and this activity is inhibited by 2-hydroxyglutarate (2HG). Jumonji C domain-containing histone demethylases are α-KGdependent [140, 141] . Although studies are yet to determine the TET-metabolism connection, mutations in isocitrate dehydrogenase genes are associated with reduced α-KG and elevated 2HG levels leading to genome-wide changes in histone and DNA methylation patterns [62, 142] .
Succinate, fumarate and 2-hydroxyglutarate
Succinate dehydrogenase (SDH), fumarate hydratase (FH) and isocitrate dehydrogenase (IDH) mutations cause the accumulation of succinate (Succ), fumarate (FUM) and R-2HG (Renantiomer of 2-hydroxyglutarate) respectively. These metabolites appear to cause cancer by affecting the behaviour of various α-KG-dependent dioxygenases, including dioxygenases linked to DNA and histone methylation, and therefore have the potential to alter the epigenome [143] . IDH mutations can impair differentiation in non-transformed cells from multiple cells of origin, and this impairment is linked to 2HG-mediated epigenetic dysregulation. In human cells proliferating in hypoxia, α-KG can accumulate and be metabolized through an enhanced reductive activity of wild-type IDH2 in the mitochondria, leading to 2HG accumulation in the absence of IDH mutation [144] . The ability of 2HG to alter epigenetics may reflect its evolutionarily ancient status as a signal for elevated glutamine/glutamate metabolism and/or oxygen deficiency [143] .
MITOCHONDRIAL FUNCTION AND THE EPIGENOME
After the notion of 'epigenetic landscape' introduced early on by Waddington [145] to describe cellular differentiation beyond genetic inheritance, the concept of epigenetics has evolved into 'modifications of the DNA or associated proteins, other than DNA sequence variation that carry information content during cell division', e.g. DNA cytosine methylation within cytosineguanidine (CpG) dinucleotides converting cytosine to 5-mC [146, 147] , hydroxylation and oxidation [61] , acetylation, methylation, phosphorylation, ubiquitination, Small Ubiquitin-related MOdifier (SUMO)ylation [49] and succinylation and malonylation [148] of the lysine and/or arginine residues of histones. These modifications are thought to determine the genome accessibility to transcriptional machinery [149] . More recently, epigenetics is acquiring wider connotations because we increasingly recognize the relevant role played by reciprocal feedbacks between the metabolic state (e.g. metabolites, second messengers) and the regulatory state (transcription factors, gene expression modification through, e.g. histones acetylation, DNA methylation) and vice versa via the epigenome [49, 107, 150, 151] . As an example, acetylation from AcCoA of the FOXO transcription factors, PGC-1α and β transcriptional co-activators depresses OxPhos and redirects catabolism towards glycolysis in the fed state [4] . This subject is relevant for communication and temporal coupling of circadian rhythm and metabolic cycles by epigenetic modifications.
The reciprocal influence between mitochondrial function and the epigenome depends upon substrate availability, and is mediated by energy and redox intermediates [4, 152] . More specifically, the epigenome is affected by the metabolic status in turn determined by the balance of substrate supply (calories availability) and demand (e.g. physical activity or over-nutrition) that directly influence mitochondrial supply of intermediates (Figure 4 ). Mitochondria and glycolysis convert carbohydrates and fats into readily available AcCoA, SAM, high energy transfer groups as ATP and redox equivalents as NADH [4] . These metabolites drive the modification of the epigenome via phosphorylation, acetylation and methylation that regulate signal transduction pathways.
In response to changes in nutrient intake and metabolism, many enzymes that regulate epigenetic modifications are potentially susceptible to changes in the levels of ATP, AcCoA, SAM, NAD, FAD and α-KG [129, 137] . Oncogene-, tumour suppressoror oncometabolite (i.e. metabolites with potential tumorigenic effect)-mediated alterations in signalling pathways and cellular differentiation may lead to metabolic reprogramming consisting of increased nutrient uptake and biosynthesis, involving the shift of mitochondrial metabolism from a catabolic to a predominant anabolic mode to support high proliferation rates [153] . As a matter of fact, recent evidence shows that mitochondria are not defective in most tumours and that, instead, their metabolism is actively reprogrammed, challenging Warburg's proposal that damaged mitochondria are at the root of the aerobic glycolysis exhibited by tumours. In place of oxidative metabolism of both glucose and glutamine, some cancers preferentially perform reductive and carboxylating biosynthetic reactions from glutamine carbon [144, 154, 155] . The potential tumorigenic effects of the oncometabolites succinate and fumarate arising from lossof-function mutations in the TCA cycle enzymes SDH and FH, respectively, are probably due to their increased levels [153] . The tumorigenesis promoting role of elevated succinate and fumarate can be in part due to epigenetic modulation, e.g. fumarate modification of cysteine residues to inhibit a negative regulator of the Nrf2 transcription factor that leads to the up-regulation of antioxidant response genes [156] . Loss-of-function mutations in the cytosolic NADP + -dependent isocitrate dehydrogenase 1 gene (IDH1) or in the mitochondrial IDH2, both found in tumours, not only hamper isocitrate and α-KG interconversion but also acquire a novel reductive activity to convert α-KG to the rare metabolite 2-HG. The fact that mutations in both IDHs result in 2-HG generation suggests its potential oncometabolite role since it appears that this metabolite is a primary feature being selected in tumours [153] .
IMPACT OF DIET ON METABOLISM AND THE EPIGENOME
Macroautophagy (or autophagy) is a mechanism through which organelles or cytoplasmic molecules are sequestered in autophagosomes (double-membrane vesicles) that subsequently fuse with lysosomes for bulk digestion and recycling of the autophagic cargo [157, 158] . When extracellular nutrients are scarce, cells meet their energetic demand via autophagy that mobilizes endogenous macromolecules, maintaining organelle turnover and avoiding proteotoxic stress, thereby attenuating or precluding age-associated processes while mediating cytoprotection [159] . Consequently, as a result of autophagy impairment, hallmarks of aging and disease such as certain kinds of molecular damage, malfunctioning organelles, defective enzymes, protein aggregates and DNA mutations, accumulate.
Chronic carbohydrate and lipid excess elevates AcCoA suppressing autophagy thereby accelerating the manifestation of ageassociated pathologies [157] . Hyperglycaemic conditions mediate chromatin changes that underlie altered gene transcription in vascular and inflammatory cells likely due to the epigenome sensitivity to glycaemic levels [160, 161] . AcCoA accumulation increases protein acetylation; in the nucleus, acetylation of lysines (Lys) on DNA-binding proteins neutralizes their positive charge, reducing protein affinity for DNA thus favouring their detachment and stimulating transcription, replication and cell proliferation. However, the cytosolic accumulation of acetate, an AcCoA precursor, also causes histone hyperacetylation, reducing the autophagic flux by repressing the transcription of the autophagy essential gene ATG7 [162] . Therefore, agents that favour protein deacetylation may extend longevity of model organisms, either by stimulating deacetylases (such as resveratrol) [163] or by inhibiting acetyltransferases (such as spermidine) [157] .
Among the cytoprotective effects of autophagy are: (a) buffering of cellular stress in conditions of fluctuating nutrient availability by enhanced provision of substrates for bioenergetic metabolism and anabolic reactions; (b) removal of dysfunctional and harmful organelles, including uncoupled mitochondria; and (c) clearance of aggregate-prone, potentially toxic proteins [157] . Consequently, autophagy-stimulating conditions elicited by nutritional, pharmacological and genetic interventions may also contribute to longevity. Mitochondrial dysfunction provoked by lack of autophagy elicits cellular stress, accumulation of protein aggregates and excessive ROS driving perturbations of the intracellular redox environment which result in accumulation of misfolded proteins within the endoplasmic reticulum [164, 165] or protein oxidation of, e.g. the contractile machinery of the heart, negatively affecting its contractile performance [45, 166, 167] .
Under carbohydrate and fat limitation (e.g. fasting), AcCoA levels decrease, acetylation decreases, chromatin condenses and cellular gene expression, replication and proliferation are suppressed [4] . Autophagy is stimulated by AcCoA depletion [168] provoked by decreased levels of intracellular amino acids, ATP and NADH that in turn elicit inhibition of mTORC1, AMPK stimulation and SIRT1 activation respectively [169] . Accordingly, interruption of glycolytic and lypolytic AcCoA generation in mitochondria via inhibition of the mitochondrial pyruvate carrier complex or carnitine palmitoyl transferase 1 (CPT1) can induce cytoprotective autophagy [168] .
Together, the evidence presented suggests that dietary and pharmacological manipulations causing a decrease in AcCoA might promote a healthier outcome by stimulating autophagy. Although the broad applicability of this concept remains to be explored, it offers nonetheless a promising research direction worth exploring.
MITOCHONDRIA AS A HUB OF THE NUTRITIONAL IMPACT
The direct influence of autophagy upon the turnover of molecular and cellular components, including mitochondria, offers a mechanistic link between diet-life style interventions with health-and life-span. High autophagic flux is associated with extended life and/or healthspan. The contribution of nutrient oversupply and physical inactivity to overall health and the pathogenesis of cardiovascular disease (CVD), metabolic syndrome and insulin resistance have been extensively documented [1, 45, [170] [171] [172] . Emerging evidence also indicates that mitochondrial quality control via mitophagy and mitochondrial fusion-fission dynamism and biogenesis are altered by both nutrient excess and physical inactivity. The liver [173] and cardiac and skeletal muscles [174] [175] [176] are among the most affected organs.
Sedentarism combined with the dietary abundance of fructose, ethanol, BCAAs and trans-fats have been proposed to underlie the obesity and type 2 diabetes epidemics in the United States [173, 177] . Dietary fat, favoured as one of the main culprits of metabolic syndrome, has not changed over the past 30 years in terms of the absolute consumption of total dietary fat in the United States; in fact, the percentage of calories ingested from saturated fats has decreased from 40 to 30 % [173] . Cardiometabolic risk relates more to the balance of saturated compared with unsaturated fats than to the total amount ingested [178] . Similarities among the abundant aforementioned four dietary foodstuffs are (i) their primary utilization for energy in the liver, (ii) lack of insulin regulation and of mechanisms leading to glycogen storage and (iii) all the intermediates resulting from their metabolism being delivered directly to the mitochondria (Figure 4) . Their excess provokes the accumulation of metabolic intermediates (e.g. AcCoA) driving epigenomic changes, excessive ROS and de novo lipogenesis, impaired β-oxidation, driving insulin resistance and the downstream comorbidities of the metabolic syndrome [45, 173] . In liver, the insulinindependent degradation of fructose or ethanol results in their conversion to AcCoA, bypassing the pathway leading to storage as glycogen, provoking de novo lipogenesis, inflammation and insulin resistance [173] .
The so-called 'hedonic pathway of food reward' from the brain limbic areas responds to excessive stimulation by fructose and ethanol intake. The neural circuit from the lateral hypothalamic to the ventral tegmental area of the brain was shown to process reward by reducing compulsive sucrose seeking but not food consumption in hungry mice [179] . An important question is whether excess dietary fat can promote epigenetic regulation in the liver since mitochondria are the main sites of β-oxidation and sources of precursors for lipogenesis and FAs for the body. Recent data links high fat diets with widespread chromatin remodelling likely involving regulatory regions of genes encoding histone modifying enzymes in mouse liver [62, 180] .
Glucose produces a lower hepatic substrate burden compared with fructose or ethanol. Comparatively, after ingestion of 120 kcal in the form of glucose or ethanol, or sucrose (a molecule composed of 50 % glucose/50 % fructose) 24, 96 or 72 kcal reach the liver respectively [177] . Thus, in the presence of fructose or ethanol the liver processes much higher levels of substrate as compared with glucose alone. In the case of fructose, after its conversion to fructose-1-P, further degradation results in an overload of the mitochondrial AcCoA pool that, in part, exits to the cytoplasm as citrate where it can initiate lipogenesis [135, 177, 181] . Excessive FA export from the liver increases delivery to the skeletal muscle where, in the absence of energy demand, it may promote insulin resistance. Ethanol bypasses glycolysis, being converted, first, to acetaldehyde by alcohol dehydrogenase, and then to acetate by aldehyde dehydrogenase 2. Acetate can generate AcCoA in the mitochondria, but due to the increase in NADH/NAD + ratio and subsequent inhibition of the TCA cycle and gluconeogenesis provoked by ethanol degradation, it is likely not further processed in the liver and thus exported for further metabolism in other organs [135] .
BCAAs are essential amino acids provided by the diet, accounting for >20 % of the dietary protein [182] . Normally used for protein biosynthesis and cell growth, they are diverted away toward energy utilization when in excess [183] . Apart from increasing the cellular pool of AcCoA, dietary excess of BCAAs also provoke their increase in the systemic circulation. In the liver, the level of activity of the branched-chain aminotransferase is relatively low. The increased peripheral delivery of BCAAs may elicit insulin resistance via accumulation of lipid-derived metabolites such as diacylglycerols and ceramides originating from saturation of mitochondrial capacity for β-oxidation due to over accumulation of C3 and C5 acylcarnitines [184] .
IMPACT OF LIFESTYLE ON THE BALANCE OF ENERGY SUPPLY-DEMAND AND THE STATUS OF MITOCHONDRIAL FUNCTION AND TURNOVER
Changes in mitochondrial morphology driven by fission-fusion processes reflect energetic-redox adaptation along the mitochondrial life cycle [23, 53] . The changes in mitochondrial morphology through fusion and fission events render more or less connected or separated mitochondria enabling the reorganization of mitochondrial components and the elimination of damaged material [53, 54] . The dynamism of fission-fusion occurs with different kinetics depending on cell type, e.g. faster in β-cells, hepatocytes, slower in cardiomyocytes [22, 53] . Although fusion and fission proteins are abundantly expressed in adult hearts, mitochondrial fission-fusion processes are slow [22] , a cycle of fusion-fission roughly is estimated to occur within 2 weeks in adult mice [185, 186] . Notwithstanding, genetic disruption of fission and/or fusion in the heart negatively affects mitochondrial quality control [22, 186] .
Healthy mitochondria replicate by symmetrical fission whereas asymmetrical fission represents the initial step of mitophagy, a process that sequesters and eliminates damaged organelles or their components [23, 76] . Fission is a key process in mitochondrial quality control [53] . The involvement of mitochondrial fission in sequestering damaged mitochondria, and of mitochondrial fusion in reintroducing healthy mitochondria, along with biogenesis, are critical for keeping the overall health status of the mitochondrial network. Consequently, turnover requires both fusion events and the segregation of damaged components by fission. In the heart and fibroblasts, comparative studies of mitochondrial fission-and fusion-deficiency showed that Dynamin related protein (Drp)-1-mediated mitochondrial fission is essential to properly target mitochondrial autophagy and to restrain cell necrosis via permeability transition [186] .
Mitochondria targeted for mitophagy have a relatively depolarized membrane potential [23] , remaining solitary due to reduced likelihood of being involved in fusion events, as OPA1 fusion proteins are either cleaved or degraded [54, 187] . These organelles constitute a transient (1-3 h) pool of pre-autophagic mitochondria [54, 76] . The energetic-redox impairment of mitochondrial function can be explained by accumulation of irreversibly damaged mitochondria that cannot be segregated due to failure of the fission process [23] . The non-removal of damaged mitochondria also interrupts normal mitophagy.
For the purpose of this review, we recognize the importance of the cellular sensitive response to the nutritional environment [188] exhibited by the overall dynamism of mitochondrial fusionfission and autophagy-biogenesis processes [53, 58] . Although nutrient excess is associated with a pro-fission phenotype of mitochondria leading to a more fragmented network, mitochondrial elongation prevails under nutrient depletion. Nutrient starvation inhibits mitochondrial fission contributing to a pro-fusion phenotype resulting in elongated mitochondria that maintain function and are spared from autophagic degradation ( [189, 190] ; reviewed in [41] ). Nutrient excess can also impair autophagic flux by disruption of lysosomal function, which is required for autophagic degradation [191] . Short and small mitochondria form within minutes in response to acute hyperglycaemia or metabolic stressful conditions leading to ROS elevation [192] . Chronic hyperglycaemia results in more severe fragmentation of mitochondria and apoptotic cell death (reviewed in [41] ). Mitochondrial fragmentation as a short-term protective response to nutrient overload has deleterious consequences on mitochondrial quality control when nutrient excess becomes chronic [76, 193] . A tight regulation of mitochondria number and quality is essential for cellular fitness and survival [194] . Mitochondria are main players in redox regulation of autophagy; removal of damaged mitochondria and oxidized proteins, in most cases, supports cell survival [195] .
Evidence of decreased mitochondrial biogenesis has been reported in situations involving both the loss of mitochondrial fission and fusion [186] . Apparently, an intact fission-fusion cycle is important for normal biogenesis [196, 197] . Still unclear is whether de novo complete mitochondrial biogenesis or specific replacement of damaged mitochondrial parts happens [54] . On the other hand, mitochondrial biogenesis requires a sophisticated transcriptional programme capable of responding to the energetic demands of the cell by coordinating expression of both nuclear and mitochondrial encoded genes [59] .
The ensemble of the aforementioned evidence shows that alterations of mitochondrial quality control due to altered fusionfission dynamism and mitophagy can play critical roles in the cumulative mitochondrial damage. Degradation of mitochondrial quality results in the overall energetic-redox impairment of the mitochondrial network, as shown by mitochondrial populations isolated from organs affected by metabolic disease [45, 194, 198] or by ablation of fission proteins [41, 186] . Importantly, the mitochondrial reserve capacity -operationally defined as the maximal respiratory capacity after subtracting baseline respirationcan be used as an index of mitochondrial health [194, 198, 199] . The closer a cell is operating to its bioenergetic limit the more stringent its response would be towards stressful conditions [194] . Additionally, the bioenergetic reserve capacity can be sensed by the mitophagic machinery [200] and has been implicated in immunity, cell proliferation and neurodegeneration (see [194] for a review). We also infer that a healthy and nutritionally well-adjusted lifestyle should favour balanced energy supply and demand in concert with mitochondrial fission-fusion and mitophagy-biogenesis processes leading to proper organelle turnover and energy-redox function of the mitochondrial population [53, 201] . The balanced interplay between the mentioned processes determines not only the overall functionality of the mitochondrial network but also the integrity of the mitochondrial genome and, ultimately, healthspan.
EATING PATTERNS, EXERCISE AND MITOCHONDRIAL HEALTH AND HEALTHSPAN
We now know that calorie intake is linked to health and lifespan. Calorie restriction (e.g. at the magnitude of 40 % reduction in caloric intake) is considered to be the most powerful non-genetic intervention to delay the onset and progression of most chronic diseases and extend lifespan [202, 203] . The increase in lifespan and slower rate of aging elicited by calorie restriction has been reported in multiple organisms across a wide range of species from yeast to non-human primates [137, [204] [205] [206] , although the data on non-human primates is mixed [204, 206] and the apparent contradictions await reconciliation.
The incidence of CVD, cancer and the degree of longevity, depends on the amount of calories ingested and diet quality (e.g. the ratio saturated/insaturated FAs, the presence of antioxidants). In the case of mitochondria, and as described herein, the mechanisms that participate in the deterioration of their function and in healthspan have been dissected. The biochemical impact of diet on cell and organ function underscores the crucial role played by eating patterns on general health. All main substrates derived from the dietary intake (e.g. lipids, amino acids, glucose/pyruvate) converge on mitochondrial metabolism (Figure 4 ; for a specific discussion on the essential BCAAs, see section Mi-tochondria as a Hub of the Nutritional Impact) influencing the metabolism-epigenome-genome axis (Figure 3 ). Rising levels of generational exposure of vulnerable populations to over-or under-nutrition combined with imbalanced eating patterns and/or sedentarism, significantly impact the epigenome throughout development and adulthood [125] . This view is supported by emerging evidence showing that stable epigenetic memories are established by developmental and adult nutritional milieus, and are strongly associated with disease predisposition and progression (reviewed in [62] ). For example, influenced by maternal diet, cholesterol and stress, atherosclerosis may begin before birth, with accumulating lipids, monocytes and local oxidative damage, while leading later to progression of arterial degeneration [205, 207, 208] . More recently, a test for permanent phenotypic consequences in the offspring through epigenetic mechanisms related to the establishment of DNA methylation during the periconceptional period (i.e. from before conception to early pregnancy) was performed on rural Gambian women subjected to pronounced naturally occurring seasonal differences in their diet [209] . It was found that DNA methylation exhibited significant variations in response to mothers' periconceptional dietary intakes and plasma concentrations of key methyl-donors (e.g. methionine, choline, betaine) and related cofactors (e.g. folate) and intermediary metabolites (e.g. SAM). DNA methyltransferases utilize SAM, a product of 1-carbon cycle metabolism that involves zinc, methionine and vitamin B family members including folate, choline and vitamin B12 [137, 210] . Mitochondrial ATP and folate syntheses modulate SAM generation [80, 211] . Folate cycle reactions are duplicated in cytosol and mitochondria, linked through exchange of serine and glycine which are interconverted by the mitochondrial and cytosolic serine hydroxymethyltransferase through methylenetetrahydrofolate [80] . High fetal demands for folate and choline are needed for neural tube closure and normal development [210] . The level of several of these maternal biomarkers predicted increased/decreased methylation at metastable epialleles (MEs, i.e. DNA loci whose epigenetic state is independent of cell differentiation and which exhibit dynamic stochasticity [210] ) in DNA extracted from lymphocytes and hair follicles in infants postnatally [209] . Although this data represent the first-in-human confirmation that the maternal blood biomarker status of substrates and cofactors required for methyldonor pathways, measured around the time of conception, can predict methylation patterns in offspring, the consequences of these variations in methylation are not yet known. However, they are known in mice where maternal dietary changes affecting methyl-donor availability alter epigenetic development at MEs causing permanent phenotypic variation in the isogenic offspring of yellow agouti mice [212] . The change in the offspring's coat colour in these mice can be easily visualized, ranging from yellow through increasing amounts of agouti (brown) mottling to completely agouti, depending on the extent of DNA methylation in response to moderate diet supplementation of dams with folate, vitamin B12, choline and betaine [212] . Also known in animals is that short-term maternal voluntary exercise prior to and during healthy pregnancy and nursing in mice, or exercise during pregnancy in rats, can enhance long-term glucose homoeostasis [213] or insulin sensitivity and improved glucose homoeostasis [214] in their offspring, probably decreasing the susceptibility to insulin resistant-related diseases such as T2DM.
In the human body, the heart handles severalfold higher amounts of O 2 on a specific basis than other organs such as skeletal muscle, brain and the lung. Thus, the heart faces the highest degree of exposure to possible oxidative damage [45] . In heart function, mitochondria harness essential redox and phosphorylation energy while generating ROS. In doing so, mitochondria have to accomplish reliable energy supply, while keeping ROS within physiological limits compatible with signalling [9, 45] . Potentially, the higher vulnerability of the heart to redox damage accounts for the prevalence of morbidity and mortality from cardiovascular complications in diverse populations responding to eating habits [215] , metabolic syndrome [175, 176, 216] , physical activity and exercise training [174, 217] . In diabetic patients, CVD (including both arterial and myocardial dysfunction) is the leading cause of mortality. Extensive and compelling evidence shows that exercise training helps prevent and treat obesity and T2DM. Exercise amends systemic metabolic changes associated with diabetes/obesity such as insulin resistance, glycaemic control, plasma lipid levels and inflammatory status [217] , and beneficial cardiac effects after exercise training have been observed [174] .
The concept that the intrinsic aerobic capacity of an organism can play a role in determining longevity is the foundation of the observation that low aerobic exercise capacity is a powerful predictor of premature morbidity and mortality for healthy adults as well as those with CVD [218] . The maximal metabolic rate (MMR), expressed as maximal respiratory rate capacity (VO 2 max), represents the functional parameter defining the limiting flow rate through all steps of the respiratory system, from lung to muscle mitochondria. Consequently, MMR underscores the crucial role played by mitochondria. Moreover, mitochondrial respiration scales as a function of body size both under rest and maximal metabolic performance. The aerobic capacity of locomotor muscle scales with MMR, and the latter scales with the surface area of inner mitochondrial membranes, where OxPhos takes place [219] . Interestingly, the active mitochondrial surface, i.e. the inner membrane, shows invariant density both with respect to body mass and aerobic capacity such that for each ml of O 2 consumed per minute at VO 2 max the muscle contains 7 m 2 of active membrane [219, 220] .
Relevant to CVD are recent evaluations of long-term studies on diet and eating patterns. Under the main hypothesis that prevalence, incidence and mortality from coronary heart disease (CHD) and other CVDs in different populations can be explained by eating habits, the longitudinal Seven Countries Study of Cardiovascular Diseases was started at the end of the 1950s [215] . Sixteen cohorts for a total of 12763 middle aged men (40-59 years old) were enrolled, one in the USA, two in Finland, one in the Netherlands, three in Italy, two in Croatia, three in Serbia, two in Greece and two in Japan [215] . This international study allowed comparisons both among cohorts and individuals of the different cohorts that represented different cultures with respect to their agriculture and traditional eating patterns. Findings from these studies, produced and published over the last 50 years, indicate the protective role of dietary habits characterized by a predom-inance of plant foods and fish over animal foods and sugar that were typical of the Mediterranean areas. This conclusion holds valid under different techniques of dietary measurements and analyses based on ecological or individual approach, the use of all cohorts or subgroups of them, different lengths of follow up and end points [215] . Mediterranean diet is defined as the eating habits that were typical of some populations on the Mediterranean shores in the mid-20th century. The virtue of these eating habits was their documented association with low incidence, prevalence and mortality rates from CHD, other CVDs and low all-cause mortality including cancer.
Dietary patterns rather than single nutrients or food groups or their combinations, were utilized to better define healthy eating habits. The factor score [221] and the Mediterranean Adequacy Index (MAI) [222] as indicators of intake food patterns gave similar results. For example, the MAI -calculated from the ratio of the sum of the percentage of total energy from 'typical' Mediterranean foods (bread, cereals, legumes, potatoes, vegetables, fruit, fish, wine and vegetable oils) over the sum of total energy from non-typical Mediterranean foods (milk, cheese, meat, eggs, animal fat, margarine, pastries, sugar and sweet beverages) -was high in the Mediterranean cohorts and Japan (usually 4), and very low in the United States, Finland and the Netherlands (<1). Applied to the 16 cohorts of the Seven Countries Study, the MAI index was inversely correlated (r = −0.84) to 25-year CHD death rates [222] , confirming findings obtained with factor analysis [221] as well as other health indicators [215] . Similar conclusions were reached when other end points such as cancer were evaluated suggesting that dietary habits can help prevent maladies other than CVD or CHD [215] .
We have seen that nutrient intake shapes metabolism, altering the metabolic-epigenomic-genomic axis which results in fluxome modifications (see section The Metabolism-Epigenome-Genome Axis and the Fluxome). On the one hand, the bidirectional influence between mitochondrial function and the epigenome is mediated by energy and redox intermediates whose levels depend upon substrate availability and demand (see section Mitochondrial Function and the Epigenome). On the other hand, age-associated pathologies (e.g. CVD or CHD) associated with metabolic disorders involving chronic carbohydrates and lipids excess affect mitochondrial turnover (see sections Impact of Diet on Metabolism and the Epigenome, and Mitochondria as a Hub of the Nutritional Impact) determining aerobic capacity, healthspan, and, likely, longevity (see above). In this regard, it came as a surprise that the presumed absence of modern triggers of atherosclerosis such as sedentarism and calorie excess did not preclude the presence of arterial disease in our human ancestors. The incidence of atherosclerosis in preindustrial, including preagricultural hunter-gatherer, human populations, across a wide span of human history and eating patterns, suggest that the occurrence of arterial disease per se was common and, probably, not characteristic of any specific diet or lifestyle [223] . As a matter of fact, evidence of arterial disease manifestation in the form of atherosclerosis and calcification of large arteries (carotid, aorta, iliac) has been reported for Egyptian mummies from 3500 years ago and earlier by [224, 225] and more recently confirmed and extended using Xray computed tomography by [223, 226] . One of the oldest cases of arterial disease described, showing calcification of both carotid arteries and portions of aorta and iliac artery, corresponds to the Tyrolean iceman from 5300 years ago, found in present Italy and who died from traumatic wounding and haemorrhage at approximately age 45 [205, 227] . Although, taken together, this evidence does not indicate a high prevalence of arterial disease or its significant contribution to mortality of humans from ancient populations in Egypt, China, Alaskan Inuit, Peru, among others [223, 226] , it can be argued that advanced atherosclerosis is not an exclusively modern condition [223, 226] . This leads to the question of why should our ancestors have developed such circulatory lesions in the likelihood of absent modern triggers of atherosclerosis such as smoking, sedentarism, hypertension, calorie excess, in their daily living? It has been proposed that infection and inflammation may have played an important role. High levels of chronic infection leading to inflammatory load could have promoted cardiovascular lesion development which might have become fatal for many with the passage of time [228] . We now know that inflammation participates in atherosclerosis from its inception and development to its ultimate endpoint, thrombotic complications [229] . The link of inflammation with atherosclerosis increases with advanced age, although not as an inevitable component since lifestyle, diet, and appropriate medication can help prevent or attenuate inflammatory processes [229] .
CONCLUDING REMARKS
The bulk of the scientific evidence available clearly supports a direct link between eating habits, physical activity with human healthspan and the quality of aging, and with the incidence as well as management of metabolic disorder, and major neurodegenerative diseases, cancer and CVDs. Successful aging understood as 'adding life to the years as well as years to life' involves extrinsic factors such as diet, exercise, personal habits and psychosocial aspects that largely explain non-disease aging with respect to physiological and cognitive impairments [55] . The recent exciting advances surveyed herein show that this knowledge is underlain by a major and complex cell biology phenomenon dubbed the mitochondrial quality control axis [76] , comprising mitochondrial turnover through biogenesis, fusion-fission dynamism and mitophagy. Being a convergent path of substrate degradation, recycling and signalling, mitochondrial healthy function, as revealed by aerobic capacity, represents a critical probe and index of health-and life-span.
From an evolutionary perspective, the metabolic-epigenomegenome axis sets the stage of human healthspan. In this axis, the epigenome embodies the inheritable response to environmental factors represented by the metabolic response to, e.g. disease, nutrition, lifestyle, ultimately translated into the nuclear and mitochondrial genomes. The resulting gene expression-mediated changes of the metabolome-fluxome will feed back into the epigenome signalling pathways thus closing the loop of healthspan that may be virtuous or vicious depending upon the delay in the onset of diseases related to genetic origin/predisposition and our nutritional, lifestyle and other factors.
Interpretatively, the index of aging relatedness (π ) in the mixture model of Levy and Levin represents the proportion of the intrinsic mortality or disease incidence experience of the population. An increasing π would reflect a positive development in population health, mainly achieved through the prevention of premature deaths and delayed disease onset, the latter as a result of late age-specific genetic effects. In the context of a public health effort aimed at increasing human healthspan and a hopeful picture of aging for the 21st century, π is a measure of 'living life to the fullest or to the limits established by the evolutionary process'. 
